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PHYSICS 
(Semi-Annual Report, July- December 1958) 
Under the direction of F. H. Spedding, G. W. Fox, R. G. Barnes, 
B . C. Carlson, G. C. Danielson, R. H. Good, Jr. , C. L. Hammer, 
D. E . Hudson, E. Hoff, E. N. Jensen, J. M. Keller, 
L . J . Laslett, S . ' Legvold, D. C . Lu, H. Mahmoud, 
M . G . Stewart, C. A. Swenson, D. J. Zaffarano 
Theoretical Physics 
1. Interpretation o f Magnetic Properties of Dysprosium (R. H. 
Good, Jr . and S. Legvold) 
Dysprosium is ferromagnetic below 85°K, antiferro-
magnetic between 85 and 178°K, a h;d paramagnetic above 178°K. The 
7 
'magnetic properties in all three regions have been measured by Behrendt~ 1, 
Legvold and Spedding 1. It has been found possible to interpret all the 
expetimental results on the basis of a two-sublattice model with the 
spontaneous magnetic n;;toment, anisotropy, and exchange interaction 
between the sublattices ,chosen to fit the data at each temperature. An 
improvement on the model has recently been made by allowing for the 
field dependence of the magnetization using a molecular field treatment. 
1 Behrendt, Legvold and Spedding, Phys. Rev. 109, 1544 ( 1958). 
8 
Further work is being done from this point of view because it may lead to a 
simpler physical picture than has been used so far. The possibility that the 
peak in the specific heat at the ferromagnetic-antiferromagnetic transition 
is a domain wall energy effect is also being studied. Domain wall effects 
are expected to be qualitatively different in dysprosium than in iron, cobalt 
or nickel because of the extraordinarily high anisotropy of the dysprosium. 
2. Angular Distribution of Polarized Electrons Emitted from Oriented 
Nuclei (H. Mahmoud) 
A paper, "Angular Distribution of Polarized Electrons Emitted from 
Oriented Nuclei", by Hormoz Mahmoud was submitted for publication to the 
Annals of Physics. 
Abs. -A procedure first used by Rose and Osborn is applied to the 
calculation of the angular distributio.~ of polarized electons emitted from 
oriented nuc.lei. The f:in.'al result is an exact expression in which the only 
unknown quantities are the reduced matrix elements. The latter can be 
evaluated only after a definite nuclear model is adopted. 
3. Potential of a Homogeneous Ellipsoid (B. C. Carlson) 
A uniform density distribution filling the interior of the ellipsoid 
(x/a) 2 + (y/b) 2 + (z/c)2 = i is called a homogeneous ellipsoid. The charge 
distribution of an ellipsoidal atomic nucleus and the mass distribution of 
the earth are approximately homogeneous ellipsoids with two equal axes; 
the moon is probably triaxial. In the interior of the density distribution, 
9 
the equipotential surfaces of a homogeneous ellipsoid are again ellipsoids, 
similar to one another but more nearly spherical than the parent ellipsoid. 
In the exterior region, computation of the exact potential requires at each 
point the solution of a cubic equation and the evaluation of incomplete 
elliptic integrals (for ellipsoids of rotation, a quadratic equation and 
elementary transcendental functions). 
A new series expansion has been obtained for the exterior potential 
of a homogeneous ellipsoid by finding first the Fourier transform of the 
potential. The series is like a multipole expansion in that it converges 
more rapidly when the ellipsoid is more nearly spherical; it is unlike a 
multipole expansion in that the leading terms approximate the potential 
most accurately close to the surface of the ellipsoid rather than at large 
distances. The sum of the first two terms of the series gives the exact 
values of the potential and its first derivatives at the surface. 
The complete series expansion is briefly written in terms of 
spherical harmonics: 
~ p ~ 
rlt (r) =- ~ f (R) am ym (R), 
'fl 1m J.. 1 1 Eo 
( 1) 
~ 
where R is a vector with components x/a, yjb, z/c; R is its magnitude; 
A ~ 
and R is a unit vector in the direction of R. The radial function f 1 (R) is 
a Jacobi polynomial (in the variable l/R2 ) multiplied by 1/R and by a 
constant. The coefficients ar; are the same ones that occur when the 
10 
square of the distance rs from the center to a point on the surface of the 
ellipsoid is expanded in spherical harmonics: 
2 A 
r = ~ am ym ( r ) . 
s .tm 1 1 s 
For an ellipsoid of r~tation, only those terms with m=O survive . In the 
prolate case, a 0 is of order 1 in the eccentricity e and has the value 1 
(2) 
where 0 1 is a Legendre function of the second,kind. 
A density distribution of the form exp(-R2 ) is also of interest in 
connection with the electric field of a deformed nucleus. This problem 
can be treated by the same method and leads to a series having the form 
of Eq. ( 1) with different radial functions. The exact radial dependence 
has not yet been completely worked out. 
Experimental Physics 
1. Photoneutron Thresholds (L. J. Laslett) 
A · paper by WilliamS. Rawls, "A Study of Photoneutron 
Thresholds", was published in Bull. Amer: Phys. Soc. 
Abs .. -Photoneutron thresholds of deuterium, lithium, manganese, 
copper, phosphorus, . aluminum, vanadium, yttrium, lanthanum, 
praseodymium, and bismuth were studied using the Iowa State College 
synchrotron. Synchrotron bremsstrahlung were produced by deflecting 
11 
the electrons onto the synchrotron target with a 360 degree knockout 
coil. Neutrons were detected by boron trifluoride proportional counters 
in conjunction with a delayed electronic gate~ The synchrotron beam 
intensity was monitored by a transmission ionization chamber. The 
thresholds of some of the elements were remeasured using an energy 
and scaler switching circuit. In this method the photoneutron yield at 
some selected energy above threshold served as the beam intensity 
monitor. The binding energy of the last neutron was calculated from 
precision mass data and measured beta decay Q values for several of 
' 
the above elements. Plotting these binding energies versus the 
synchrotron energy control device, or integrator, "dekapot" setting 
yielded an energy calibration curve for the integrator. For some of 
the nuclides, breaks .near threshold in the photoneutron curves were 
identified as due to transitions to the low-lying excited levels of the 
produce nuclides. 
2 . Photoneutro.n Threshold of Phosphorus- 31 (M. G. Stewart) 
2 31 Chidley, et al. have reported the photoneutron threshold of P · to 
be 12. 50 ± . 05 Mev. A measurement of the P 31 photoneutron threshold in 
this Laboratory by W. S. Rawls 3 gave an observed threshold of 12.88 ± . 07 
Mev. The binding energy of the last neutron of P 31 as calculated from mass 
2 Chidley, Katz, and Kowalski, Can. J. Phys . 36, 407 ( 1958). 
3 W. S. Rawls, Ph. D . Thesis, Iowa State College ( 1959) unpublished. 
12 
4 data is, however, only 12. 34 ± . OS Mev. Because of these discrepancies, 
it was decided to re-measure the photoneutron threshold using a different 
experimental arrangement. For this purpose, the yield was measured by 
counting the 2. 5 min1ute P 30 beta-activity. The target consisted of a phos-
phorus disc 1 em thick by 2 em in diameter. After a bombarding period 
of 7. 5 minutes, the target was sent through a shuttle tube to the counters 
which were inside a lead house. The activity was detected with two 
scintillation counters using anthracene crystals . While the phosphorus 
3 target was about 60 times smaller than that used by Rawls , and the 
available counting time was only half as long (since he counted between 
beam bursts and we used the shuttle method) .our counting rate was, 
nevertheless, higher. This was because ( 1) the target could be placed 
close to the synchrotron vacuum chamber, and thus it was not necessary to 
t 
use a small ap'etture beam collimator, (2) the beta-detectors couid be placed 
close to the sample to give almost a 4lT solid angle, and (3) the efficiency 
for beta- detection was considerably larger than for neutron detection. 
Preliminary measurements give a threshold of 12. 60 ± . 10 Mev in 
agreement with the value quoted by Chidley, et al. If the courtting rate is 
not sufficiently high, the observed threshold may appear higher than the 
' true threshold, so the P 31 (y, n) threshold may still lie lower than 'the 
. 
value we obtained. More data are being taken to see if any yield below-12. 50 Mev 
4 Giese and Benson, Phys. Rev. 110, 712 ( 1958); L. J. Lidofsky, Rev. Mod. 
Phys. 29, 773 (1957) . 
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can be detected. In any case the yield below this point is very small, if 
not zero. 
3. 156 The Radiation for Tb (L. J. Las lett) 
A paper by J . T . Holloway and L. J Las lett, "The Radiations for 
Tb 15611, was submitted for publication in Phys. Rev. 
Abs. -The decay of Tb 156 has been studied following its production 
by the Tb 159(-y , 3n)Tb 156 reaction with 64-Mev bremsstrahlung. In the 
5. 6-day activity, 18 gamma-transitions were detected with energies 
between 89 kev and 2060 kev. The K X-radiation of Gd was associated 
with this activity, while no Dy radiation was found. No annihilation 
radiation was detected. The gamma- spectrum was observed in 
coincidence with the Gd X-ray and found to be closely similar to that 
observed alone. ~o evidence of 13-decay was found, and it is concluded 
that the observed decay is by orbital electron capture. A relatively 
weak 5. 5-hour activity, ascribable to Tb 156~, was also produced by 
the {y, 3n) reaction. 
4. An Accurate Method for Measuring Internal Conversion Coefficients of 
Nuclear Transitions (D. Lu) 
A dependable means for assigning spin values to the excited states 
of nuclei is by accurately measuring the internal conversion coefficients of 
gamma-rays originating from such levels. Recently, two new sets of 
theoretically computed tables of conversion coefficients which take into 
account the effects due to atomic electron screening and the finite nuclear 
14 
size have been published by Sliv and Band5 , and Rose 6 . Experimentally, 
the techniques now used for such measurements are not satisfactory and 
involve tedious corrections. With few exceptions, results so obtained are 
associated with errors of± lOo/o or more. Such results are not adequate to 
serve as experimental checks on the new tables for spin assignment purposes, 
or to provide a means for obtaining new information on nuclear structure 
through its influence on internal conversion as suggested by Church and 
7 Weneser . A new method for measuring internal conversion coefficients 
using a summing scintillation spectrometer has been developed here with 
which measurements of better than± lo/o accuracy can be made on some 
gamma-rays which are in cascade with other gamma-rays. The instru-
mentation has been completed and the method is being tried out on the 145, 
171, and 247 kev transitions of Cd 111 , which are produced by the I. S.C. 
synchrotron. 
5. The Decay Schemes of Ag 113 a~d Lu172 
Radioactive samples of Ag 113 and Lu 172 have been produced 
through photo-nuclear reactions using the I. S.C. synchrotron. In the case 
of Ag 113 , gamma-rays of 0. 27 and 0. 30 Mev are observed with a half-life 
5 L. A. Sliv and L M. Band, "Coefficients of Internal Conversion of Gamma-
Radiations". Issued in U.S. A . as Report 57 ICCKl by Phys. Dept., 
University of Illinois. 
6 
M. E. Rose, Interscience Publishers, New York, 1958. 
7 E. L. Church and J. Weneser, Phys. Rev. 104, 1382; ( 1956). 
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of 5 . 4 hours . Coincidence between them has also been observed. Due to 
the presence of A g 112 activity, the 0 . 57 cross - over transition which is 
expected to exist has not been clearly distinguished. The existence of the 
0 . 27 - 0 . 30 kev cascade following the decay of Ag 113 has not been previously 
r eported. 
172 In the case of Lu , gamma-rays of 0 . 08, 0. 11, 0. 18, 0. 20, 0. 32, 
0 . 37 , 0. 80 , 0. 90 and 1. 09 Mev have been observed with a half-life of about 
6-7 days . Coincidence studies are i.n progress. 
6. Isomeric States in Deformed Nuclei (C. L. Hammer) 
An experiment which will extend 'the search8 • 9 for isomeric states 
in deformed .nuclei to states with half-lives from 50 x 10-9 to 10- 6 sec is 
in progress . Two separate techniques are being employed. First, a 180° 
magnetic spectrometer is used to analyze conversion electrons with energies 
up to 600 kev. Secondly, a Nai crystal, not activated 10 , operated at liquid 
n itrogen temperatures is being used to detect the gamma rays directly. 
Before preliminary data can be taken, two electronic circuits must be 
completed. One circuit, an electronic gate which opens and closes in 50 x 
10-9 sec in order to block the signal from the synchrotron X-ray burst has 
been successfully tested and is now being put into its final form. The other 
. 't . . 1 h . h 10 . 1 . 1 t' c1rcu1 , a tlme to pu se e1g t converter , 1s a so near1ng comp e 1on. 
8 Phys. Rev. 105 , 1006 ( 1957). 
9 Phys . Rev. 106 , 1001 (1957). 
10 Rev. Sci. Inst. , 29, 753 (1958) . 
16 
7. Resonant Beam Extraction from an Alternate Gradient Synchrotron 
(C . L. Hammer and L. J. Laslett) 
A stationary state perturbation technique is used to solve the Hill 
equation: 
d2 l/1 4m.t 
d 9 2 r 1 ( e) + (-1T- cos N e + ~ S m cos me) tp1 ( e) = o (3) 
I 
for small,Sm• where m 1 andsm cos me are chosen so that tf1 (9) is 
. e periodic and contains e1ther a cos e or cos 2 term. It is found that the 
perturbation 
H1 =5 21 cos 21e + §1 _1 cos (1-s)e + S.t+l cos (.Hs)e, (4) 
where s = 1 if 1 is integer 
s = i if 1 is i odd integer, 
achieves the desired result . The term in g 21 opens the stop band linearly 
in§ 21 and the terms .§1 _1 and SJ..+l give rise to the cos e or the cos ; term. 
It is interesting to note that for the special case of 1 = i. a single perturbation 
term _51 cos e accomplishes both effects. A perturbation of this type is 
h 11, 12, 13 ' currently being used to extract electrons from the Iowa State sync rotron 
These calculations agree with the results obtained by L . J. Laslett 
11 Rev. Sci. lnst. 26, 594(1955). , 
12 
Rev . Sci. lnst . 26, 598 (1955) . 
13 
"Electron Beam Control in a Conventional Synchrotron" . Hammer and 
Laslett Proceedings of the Second lnternation Conference on the Peaceful 
Uses of Atomic Energy. 
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of this Laboratory, using a variational approach to the solution of Eq. (3). 
8. Intermediate Image Spectrometer (E. N. Jensen) 
Construction of the new intermediate-image spectrometer has been 
completed and its operating characteristics have been determined. In this 
spectrometer, the source and the detector are placed a half inch outside 
the end 1plates of the spectrometer. Under these conditions and with a 
source having a diameter of 2. 5 rom the transmission is 3. 4o/o of 411' with 
a resolution of 2. 9o/o. The best resolution obtain~d is 0. 4o/o. 
Solid State Studies 
l. High Temperature Properties of Metals (G. C. Danielson) 
l. 1 Thermal Diffusivity Measurements 
A paper, "Thermal Diffusivity Measurements at High Temperatures", 
by P. ,H. Sidles and G. C. Danielson was presented at the Conference on 
Thermoelectricity which was held at Washington, D. C. on September 3-4, 
1958. This paper was prepared for publication in the Conference Proceedings._ 
Abs. -It is suggested that accurate thermal conductivity measurements 
at high temperatures can be better accomplished by measurements of the 
thermal diffusivity, specific heat, and density. A method for the precise 
measurement of thermal diffusivity of a metal or alloy in the temperature 
range 20 ° C to 1000 ° C is described, and some typical results on good 
conductors (copper) and on poor conductors (iron and nickel) are shown. 
The method can probably be extended to other materials, such as semi-
18 
conductors, and to other temperatures. With the same apparatus, the 
electrical resistivity and Seebeck coefficient (thermoelectric power) can 
be measured on the same sample and at the same ambient temperature 
at which the thermal diffusivity is measured. 
1. 2 Thermal Diffusivity and Electrical Resistivity of Silver 
The electrical resistivity and thermal diffusivity of Johnson, Matthey 
and Co. spectrographically standardized silver have been measured in the 
temperature range from 50 o C to 900 o C. The electrical resistivity increases 
from 1. 65 microhm - em at 50 o C to. 7. 70 microhm - em at 900 o C. The 
thermal diffusivity decreases from 1. 65 cm2 /sec at 50 ° C to 1. 13 cm2 /sec 
at 900°C. The temperature dependence of both the resistivity and the 
thermal diffusivity of silver closely resembles that for copper which was 
discussed in AEC Report ISC- 1048. The data on silver are discussed in 
detail in AEC Report ISC- 1119 . 
1. 3 Thermal Diffusivity and Electrical Resistivity of Tantalum 
The thermal diffusivity of high purity tantalum has been found to 
increase from 0. 209 cm2jsec at 50°C to 0 . 216 cm2jsec at l000°C . The 
electrical resistivity of the same sample has been found to increase from 
16. 7 microhm - em to 55. 0 microhm - em in the same temperature range. 
The thermal conductivity (K) can be calculated from the relation K = ked 
when k is thermal diffusivity and cd is specific heat/unit volume, and also 
from the electrical resistivity data and the Wiedemann-Franz law. Both of 
19 
these calculations give essentially the same value for the thermal conduc-
tivity of tantalum. The thermal conductivity is calculated to increase quite 
linearly from 0. 116 cal/g- em- oc at 50°C to 0. 135 cal/g- em- °C at 
1000°C. These data on tantalum are discussed in detail in AEC Report 
ISC- 1144. 
2. Specific Heat (G. C. Danielson) 
A method for measuring specific heats of metals at high temperatures 
by electrical pulse heating was described in AEC Report ISC-975. For this 
method, wire samples about 0. 025 em in diameter and 5 cin in length are 
used. In the course of these measurements the resistance of the wire 
samples as a function of temperature is measured to an accuracy of :i: 0. lo/o. 
In order to compute the electric resistivity of these samples to a comparable 
accuracy, their length and cross-sectional area must be accurately deter-
mined. The length can be measured with a comparator microscope; the 
cross-sectional area is very difficult to measure to the required accuracy. 
Optical methods are being investigated for this purpose. 
It was found that the same sample holder and most of the auxiliary 
apparatus can be used to provide a measurement of the thermal conductivity 
of the same samples used for the specific heat determination. Preliminary 
measurements on platinum indicate that thermal conductivity can be mea-
sured to ± lOo/o or better in the temperature range from room temperature to 
1000°C by using this technique. 
20 
3. Semiconducting Properties of Mg2Si Single Crystals (G. C. Danielson) 
The Hall coefficient and electrical resistivity of MgzSi were re-
ported 14 in the temperature range from 77 o K to 1000 °K. A metal cryostat 
and a suitable sample holder have been co111pleted for extending these mea-
surements to 4°K. Preliminary measurements on a n-tyj)e sample of 
Mg2Si in the temperature range from 4 ° K to 300 o K indicate that the carrier 
concentration is about 3 x 1017 per cm3 and that impurity band conduction 
is predominant at temperatures below 25 o K. 
4. Optical and Electrical Properties of W03 (G. C. Danielson) 
The following papers were submitted by S. Sawada arid G. C. 
Danielson to Phys. Rev. for publication. 
"Domain Structure of wo3 Single Crystals." 
~ -~ra:n.sparent single crystals of wo3 , in the form of pla~es 
as large as 10 mm x 10 mm, ' have been prepared by a sublimation 
' ' 
method. The domain structure of these crystals was investigated 
from room temperature to 1350°C, and a new and peculiar domain 
structure was found between 740°C and 810°C. This domain structure 
is probably associated with the change in crystal structure from 
orthorhombic to tetragonal. Lattice parameters determined optically 
from measurements of the angle between extinction positions of two 
neighboring domains agreed well with those obtained by X-ray analysis. 
14 R. G. Morris, R. D. Redin and G. C. Danielson, Phys. Rev. 109, 
1909 (1958). 
Zl 
The shift in the absorption edge to the infrared at 740°C was observed 
to take place for light polarized in a direction perpendicular to the c-axis, 
but not for light polarized parallel to the c-axis. 
"Optical Indices of Refraction of wo3. II 
Abs. -A modified Chaulnes 1 method using polarized light has been 
developed to measure the indices of refraction of WOy By this method, 
the three principal indices of refraction of a crystal were obtained by 
observations in the direction of only one optic principal axis. For W03, 
the mean value of the indices of refraction and the maximum value of 
birefringence at room te~perature were found to be Z. 5 and 0. 42, 
respectively. The crystals were positive below 740°C and negative 
above this temperature. Distinct anomalies in the indices of refraction 
were observed at 330°C and 740°C. The results are compared with 
those of some other perovskite-type ferro- and antiferro-electrics. 
"Electrical Conduction in Crystals and Ceramics of wo3. II 
Abs. -The specific resistivities of crystals and ceramics of wo3 
have been measured from room temperature to 1000 °C, and the sign 
and order of magnitude of the Hall coefficient have been examined near 
room temperature . From the results for single crystals, it was found 
that wo3 behaves like an impurity semiconductor having a saturation 
region below 740°C and becoming intrinsic above 910°C. The specific 
resistivity versus temperature c_urve had a distinct anomaly at 740°C1 
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suggesting an alteration in the el,ectronic structure at this temperature. 
Below 740°C, the specific resistivity of ceramic samples showed a 
remarkable hysteresis phenomenon, probably arising from a cracking 
of crystallites on heating. The sign of the Hall coefficient was positive 
at room temperature and its magnitude gave reasonable values for the 
number and mobility of the carriers. Non- ohmic and rectifying 
characteristics were observed by means of an oscilloscope. 
5. Electrical Properties of Cux wo3 (G. C. Danielson) 
Single crystals of Cux W03 have been prepared by electrolyzing 
a fused mixture of wo3 and CuW04 at 950°C. These crystals were 
bluish-black; the largest measured 3 mm x 0. 5 mm x 0. 1 mm. The 
electrical resistivity of one of these single crystals in the temperature 
range from 77°K to 373°K is shown in Figure 1 plotted as ln p versus 1/T. 
The slope of this plot indicates as activation energy for Cu W03 of 0. 126 ev. X 
15 Gaspari has reported that cu0 . 77 wo3 exhibits an activation energy of 
0 . 122 ev. below room temperature and 0. 321 ev above room temperature. 
Our sample did not show this dual activation energy. An x analysis of our 
Cux W03 has not been completed but it was prepared from a fused salt 
16 
solution of similar composition to that used by Gaspari. Conroy and Sienko 
reported an activation energy for Cuo. 77 W03 of 0 . 147 ev for conduction 
perpendicular to the c-axis and 0. 149 ev parallel to the c-axis. 
15 M. E. Gaspari , ASTIA, AD- 136980, p. 10. 
16 
L. E. Conroy and M . J . Sienko, J. Am. Chern. Soc. 79, 4048 ( 1957). 
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23 
24 
6. Velocities of Sound in Mg2Sn Single Crystals (G. C. Danielson) 
The velocities of sound in a sample of Mg2Sn have been measured 
at room temperature. This sample was approximately 1. 0 em in length 
and 0. 5 em in diameter and was oriented for propagation along a [ 110] 
direction. The results of these measurements are given in Table I. 
Vibrational Mode 
Longitudinal 
Transverse Parallel to z-axis 
Transverse Perpendicular to z-axis 
Table I 
Velocity (em/sec) . 
(4. 110 ± o. o 19) (lo-5) 
(2. 824 ± o. 0 13) ( lQ-5) 
(3. 078 ± o. 025) (lo-5) 
These data, together with data currently being obtained at lower temperatures, 
will be used in a quantitative treatment of the lattice vibrations in Mg2Sn. 
7. Thermomagnetic and Galvanomagnetic Effects (G. C. Danielson) 
AEC Report ISC-907, "Thermomagnetic and Galvanomagnetic Effects" 
by R. Redin1 was distributed. 
Abs. -A review is given of the varl.ous ·thermomagnetic and 
galvanomagnetic effects. The coefficients and relations between 
coefficients are listed for both metals and semiconductors. A 
quantitative analysis is given of the error in Hall effect mea/sure-
menta owing to non-isothermal conditions. 
8. Mass Spectrometric Studies of Rare Earth Cohesive Energies (D. E. 
Hudson and F. H. Spedding) 
A paper, "A Mass Spectrometric Study of Heats of Sublimation of 
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Dysprosium, Samarium, Thulium and Ytterbium" by William R. Savage, 
Donald E. Hudson and Frank H. Spedding1 was submitted for publication in 
J. Chem. Phys. 
Abs. -The flux of atoms from a Knudsen-type effusion cell has 
been studied by means of a mass spectrometer. The heat of sublimation 
was obtained from the dependence of the ion current upon the cell 
temperature by means of the Clausius-Clapeyron equation. The method 
was used to obtain heat of sublimation values for dysprosium, samarium, 
thulium and ytterbium. The results were: 
Dy, 69. 3 ± 0. 6 kcal/M for vaporization at 1215 °K; 
Sm, 48. 7 ± 0. 4 kcal/M for vaporization at 8ll oK; 
Tm, 56.2 ± 0. 4 kcal/M for vaporization at 937°K and 
Yb, 39. 5 ± 0 . 5 kcal/M for vaporization at 667°K. 
Additional runs have been made on gadolinium, holmium and lutetium. 
The data on these and all previous runs have been re-analyzed. The revised 
results in terms of the latent heat of sublimation reduced to 298°K, are: 
Gadolinium 
Holmium 
Lutetium 
8 1. 3 ± 0. 3 kcal/M 
75. 0 ± 0. 5 kcal/M 
94. 0 ± 4. 0 kcal/M 
Re-analysis of previous runs by improved statistical procedures gave 
these results: 
Europium 
Erbium 
42. 6 ± 0. 3 kcal/M 
75. 4 ± 0. 4 kcal/M 
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All but one of the stable rare earths from Z = 59 through 71 inclusive 
have been studied by this group. The results present a pattern of anomalies 
previously unsuspected. The conclusion to be drawn tentatively is that all 
but four of the elements in the metallic state possess one 5d electron. The 4f 
shells of these elements then have one less electron in the metallic state 
than is sometimes assigned in the atomic state. The four anomalies are 
samarium, europium, thulium, and ytterbium. The low cohesion of these 
is consistent with the hypothesis that they have no 5d electron and have a 
"normal" 'filling of the 4f shell. 
Some rare earth cohesive energies have been obtained independently 
by A. H. Daane's group in this Laboratory. In the overlapping cases the 
agreement between the two values has been excellent. 
9. A Study of Surface Ionization (D. E. Hudson) 
The ionization of neutral atoms upon re-evaporation from a hot 
metallic surface is being studied in a mass spectrometer. Data have been 
obtained on the surface ionization of holmium and gadolinium by tungsten 
and of holmium, dysprosium, erbium, and europium by iridium. 
A definite conclusion to be drawn from the present state of the work 
is that the effective work .function of both tungsten and iridium surfaces is 
considerably higher for surface ionization than for electron emission. The 
difference is of the order of 1 ev for tungsten and the order of 0. 8 ev for 
iridium. Such differences are consistent with the theoretical predictions of 
27 
a modified "patch-effect" theory. However, phenomena have been observed 
which indicate some departure of the observed surface ionization for the 
conventional theory. 
10. Electrical Resistivity Measurements (S. Legvold and F. H. Spedding) 
10 . 1 Ferromagnetic Metals 
Recent theoretical calculations reported in the literature indicate that 
there is a strong interaction between conduction electrons and magnetic 
electrons which are assumed fixed on atom sites. The interaction is 
manifested in a contribution to the electrical resistivity which is increased 
because of the purely magnetic scattering. 
Since many of the rare earth metals are magnetic, the resistivities 
of these metals exhibit the magnetic scattering effect. Measurements on 
high quality samples of Tb, Dy, Ho, Er, and Tm have been completed and 
it is observed that the magnetic scattering is proportional to S(S+ 1) as 
predicted by theory; here S is the spin quantum number associated with the 
4f electrons in the metals. A paper on this subject was published in Physical 
Review Letters, 1, 1-3 (1958). 
10. 2 Metal Single Crystals 
Several single crystals of yttrium suitable for electrical resistivity 
measurements were prepared. Measurements at temperatures down to 
1. 3°K have shown that the resistivity parallel to the basal plane is 750/o 
greater than that along the C axis of this hexagonal metal. 
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A single crystal of dysprosium metal one inch long and 1/8 inch in 
diameter was grown and prepared for use in electrical resistivity studies . 
11. High Pressure Studies (C. A. Swenson) 
The pressure-volume-temperature diagram of Teflon has been 
determined as a function of temperature from 77°K to 350°K and as a 
function of pressure to 20, 000 atoms . The volume changes along pre-
viously known transition lines were measured, and semi-quantitative 
compressions were obtained. The work was complicated by the existence 
of time effects at the transitions, so all the data are to be considered as 
approximate. The final, smoothed, data are given in Figure 2 . 
12. Superconductivity (C. A. Swenson) 
The effect of low temperature deformation on the superconducting 
critical field curve of single crystals of tin has been measured. Little 
influence was found for small deformations (2 percent), while larger 
deformations caused some distortion in the shape of this curve. The 
conclusion was that the deformation experienced by the samples was not 
an important factor in the results of the high pressure superconductor 
experiments which we performed earlier. 
The superconducting transition temperature and the initial slope of 
the critical field curve for the beta phase of mercury have also been deter-
mined. These parameters (3 . 95°K and 170 Gauss/deg) indicate that this 
metal is a soft superconductor, and thus mercury furnishes the only known 
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Figure 2. Teflon volume-temperature isobars, computed 
from isothermal compression measurements. 
The apparent negative expansion at high pressures 
is believed to be due to an incomplete transition, 
so that the cu:rves do not represent true equilibrium 
values for high pressures and low temperatures. 
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case where two crystalline modifications of the same element are both 
relatively ideal superconductors. In particular, the shift in the transition 
temperature below that for the alpha phase (4. l5°K) can be explained almost 
completely by the difference in volume between the two phases and the pre-
viously measured variation of the transition temperature with pressure for 
the alpha phase. 
13. Nuclear Magnetic Resonance Spectra (R. Barnes) 
13. 1- Nuclear Magnetic Resonances in Sodium Tungsten Bronzes 
In a constant external magnetic field, the nuclear magnetic resonance 
frequency in a metal is normally shifted to a slightly higher value than that 
of the same nucleus in a non-metallic solid. This shift (called the Knight 
shift) 17 is due to the Pauli paramagnetism of the conduction electrons, and 
is enhanced by the fact that the conduction electron wave-function, having 
perdominantly s-c}:laracter, has a finite value at the nucleus. Alternatively, 
the interaction may be described by the so-called "contact" part of the 
hyperfine coupling. 23 In metallic sodium, for example, the Na nuclear 
magnetic resonance is shifted 0. ll3o/o compared to the resonance in NaCl. 
The non-stoichiometric sodium tungsten bronzes, Nax W03, having 
the cubic perovskite structure for x-values in the range 0. 3 < x < 1. 0, are 
good metallic conductors in which the electrical conductivity and paramagnetic 
susceptibility are consistent with a free electron model in which each sodium 
17 Townes, Herring, and Knight, Phys. Rev. 77, 852 ( 1950). 
contributes one electron 18 . We find that the Na23 nuclear magnetic 
resonance shows essentially zero Knight shift (-0 . 003 :1: 0. 0030/o) for 
x-values of 0. 56, 0 . 65, 0. 73, 0. 75, 0. 78, 0. 81, and 0 . 89. A rough 
determination of the spin-lattice relaxation time T 1 shows it to be large, 
consistent with the negligible Knight shift . These results may be inter-
1 
preted as signifying that the conduction electron wave-function vanishes 
at the sodium positions. J. M. Keller of this Laboratory has shown that 
this would be the case if the wave-function were centered on the tungsten 
atom at the center of the crystalline unit cell. 
13. 2 Activation Volume for Self Diffusion in Lithium 
31 
The activation volume for self diffusion in solids provides a measure 
) 
of the extent to which the atoms around a vacancy relax inward on the 
vacancy 19 If no relaxation occurred, the activation volume would be at 
least as large as the molar volume of the solid. Because its measurement 
requires knowledge of the pressure dependence of the diffusion process, 
the activation volume has been determined by conventional tracer experiments 
for only two metals, sodium and lead. We have shown that the activation 
volume for diffusion can be determined from the pressure dependence of the 
nuclear magnetic resonance line width in the temperature range in which 
the line width narrows due to diffusion of the resonant nuclei. Measurement 
by this technique in the case of lithium metal has yielded a preliminary value 
18 W. R . Gardner and G. C . Danielson, Phys. Rev. 93, 46 ( 1954). 
19 
N . H , Nachtrieb, A/CONF. 15/P/718, June 1958. 
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of 5. 2 em 3 for the activation volume. The ratio of this value to the molar 
volume roughly equals the same ratio for sodium. The method should be 
especially valuable for light metals such as lithium which have no radiq-
active isotope suitable fo17 tracer diffusion experiments .. 
14. Nuclear Quadrupole Resonance Spectra (R. Barnes) 
14. 1 Nuclear Quadrupole Resonance Spectra of Group III Halides 
The dimeric nature of the molecules of a number of solid group 
III halides has been established using pure nuclear quadrupole resonance 
. 20-22 
techniques This has been accomplished by comparing the resonance 
spectra of the halogens in the compounds under investigation with the 
spectrum of the bromines of A1Br3' for which the structure is known23 . 
In the course of this work the quadrupole resonances of the group III nuclei 
of three of the compounds investigated were also measured. 27 The Al pure 
quadrupole resonances in A1Br 3 have now been detected and bring to five 
the total o£ group III halides for which the quadrupole coupling constants of 
all the nuclei are known. For two of these five compounds, AlBr3 and Ini3 , 
it is P,ossible to determine bond angles and electron distributions using only 
the pure quadrupole data. In the other three compounds, GaC1 3 , GaBr3, 
20 
R. G. Barnes and S. L. Segel, J. Chem. Phys. 25, 180 ( 1956). 
21 S. L. Segel and R. G. Barnes, J . Chem. Phys. 25, 578 (1956}. 
22 . 
Barnes, Segel, Bray and Casabella, J. Chem. Phys. 26, 1345 ( 1957). 
23 R. W. G. Wyckoff, "Crystal Structures", Interscie.nce Publishers, 
New York ( 1948). 
and Gai 3, it is possible to determine the electron distribution if the bond 
angles are estimated. 
14. 2 Nuclear Quadrupole Resonance Spectrum of TiBr 4 
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Data on the dependence upon temperature and pressure of the Br 7 9 
and Br81 nuclear quadrupole resonances 24 in TiBr 4 have been obtained for 
the temperature range -80 o C to +40 o C and for pressures up to approximately 
3000 atm. At all temperatures in this range the pressure dependence of the 
resonances is negative with the frequency being a linear function of the 
pressure. The magnitude of the pressure coefficient increases linearly 
with decreasing temperature. 
What appears to be a second solid phase of TiBr 4 has been detected. 
Two new quadrupole resonances for each isotope appear at pressures above 
approximately 300 atm. The new resonances are at somewhat higher fre-
quencies than those in the normal phase, but their temperature and pressure 
dependence is very similar. The transition from the normal to the new phase 
is slow ("sticky"), and to date the new phase has only been detected within the 
temperature range -40°C to -l0°C. 
15. Indirect Nuclear Spin-Spin Interactions (R. G. Barnes) 
A letter by R. G. Barnes and R. A. Hultsch, "Indirect Nuclear Spin-
Spin Interactions in Pure Quadrupole Resonance Spectra", was published in 
Phys. Rev. Letters, l, 227 ( 1958). 
24 R. G. Barnes and R. D. Engardt, J. Chern. Phys. 29, 248 ( 1958). 
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The nuclear quadrupole resonance spectra of two compounds con-
taining heavy nonresonant spin- 1/2 nuclei and resonant spin- 3/2 nuclei, 
T1Cl 3 and HgC12 , have been examined for evidence of exchange coupled 
nuclear spin- spin interactions . No observable effects were found, con-
sistent with theoretical estimates based on a valence-bond model for the 
interaction extended to the case that the bonding wave-function possesses 
considerable 'ionic character. It therefore appears unlikely that nuclear 
spin exchange can lead to actual splitting of pure quadrupole resonan~e 
spectra . 
16 . Bibliography (R. G. Barnes) 
A bibliography of titles of articles in the field of nuclear quadrupole 
resonance spectroscopy of solids was distributed (ISC- 1030). 
